The study of spin liquids has been central to advancing our understanding of correlated phases of quantum matter ever since Anderson's proposal of the resonating valence bond (RVB) liquid state [6] , which provided, via the detour of hightemperature superconductivity, an early instance of a fractionalised topological state [7, 8] . More recent manifestations hold the promise of realising an architecture of quantum computing robust against decoherence [9] .
. The Kitaev honeycomb model. (a) The structure of the model on the honeycomb lattice with two sublattices (labeled A and B) and three bond directions (denoted x, y, z). The calculation of the dynamical response can be mapped to a local quantum quench, in which two adjoining Z2 fluxes, shown in blue, are inserted. (b) The ground state and dynamical phase diagrams of the model: the phase with gapless fermion excitations fills the central triangle while gapped phases occupy the three outer triangles. The dynamical response S zz (q, ω) includes a contribution sharp in ω in the red region, but not in the green region.
problem of Majorana fermions hopping in the background of an emergent static gauge field.
This remarkable feature permits, at least in principle, even an analysis of the model's dynamical properties, as noted in a seminal paper by Baskaran and co-workers [12] , who pointed out an unexpected connection to the X-ray edge problem [13] , results of which were used to extract asymptotic correlators of related models [14, 15] . This problem, whose tour de force exact solution was obtained by Nozieres et.al. [16] , is one of the cornerstones of condensed matter physics, linked to the discovery of Anderson's 'orthogonality catastrophe' [17] , and a foundation for our understanding of local quantum quenches.
The possibility of accessing dynamical properties of spinliquids is of particular importance as these contain information on fractionalised quasiparticles, and their theoretical study is topical in view of recent neutron scattering investigations of candidate QSL compounds [5, 18, 19] . Indeed, the S = 1/2 spinons in the Heisenberg chain were most impressively visualised [20, 21] by an analysis of experiments based on the exact Bethe-ansatz solution, specific to one dimension. Our work provides this information in complete detail for the first time for a fractionalised quantum spin liquid in more than one dimension. Through the connections to quantum quenches and the physics of Majorana Fermions which appear in our discussion, it cements the central role played by the Kitaev model for our understanding of correlated and topological phases.
The model. In the Kitaev model spin-half degrees of freedom at sites j of a honeycomb lattice interact via nearestneighbour Ising exchange J a . Frustration and quantum fluctuations stem from linking the anisotropy direction a = x, y, z in spin space to the bond direction in real space (Fig. 1a) , a form of spin-orbit coupling. With Pauli matricesσ a j and using ij a to indicate two sites sharing an a bond, the Hamiltonian is
The ground states of Eq. (1) fall into two classes [1] -gapped and gapless spin-liquids -depending on the relative values of the J a (Fig. 1b) . Their emergent independent degrees of freedom are static Z 2 gauge fluxes threading the plaquettes of the honeycomb lattice and Majorana fermions that hop between sites in this gauge field.
The model is solved [1] by introducing four Majorana fermionsĉ i ,b 
The HamiltonianĤ has the Bogoliubov de-Gennes form when expressed in terms of matter fermion operatorsf † r and f r for eigenstates of the gauge fermion operatorsû ij . It therefore conserves fermion parity, but not fermion number. These features differentiate our spin dynamics problem from the conventional X-ray edge problems and turn out to be central to our findings.
The Hilbert space of the Hamiltonian in Eq. (2) can now be decomposed into gauge |F and matter |M sectors, and we denote the ground state ofĤ by |0 = |F 0 ⊗ |M 0 , in whichû ij a |F 0 = +1|F 0 for all bonds and |M 0 is the corresponding ground state of the Majorana hopping problem [1] , whose HamiltonianĤ 0 is obtained fromĤ by substituting all u ij a with their ground-state eigenvalues +1.
The dynamical structure factor. Our objective is to calculate the spin correlation function S ab ij (t) = 0|σ a i (t)σ b j (0)|0 and its Fourier transform in space and time, the dynamical structure factor S ab (q, ω). The latter is proportional to the cross section obtained in an inelastic neutron scattering (INS) experiment, and at q = 0 to the signal obtained in electron spin resonance (ESR).
The measurement process creates a spin flip, which introduces a pair of fluxes in adjacent plaquettes (as illustrated in Fig. 1 ) and initiates the dynamical rearrangement of matter fermions in the modified gauge field. Because fluxes are static, site off-diagonal spin correlations vanish except for acomponents of a nearest-neighbour pair ij a [12] . We indicate this using the symbol δ ij ,a . (In the rest of the paper we show expressions for the nearest neighbour correlator; the ones for the site-diagonal terms are similar.) Crucially, the non-zero contributions to the structure factor can be expressed purely in terms of matter fermions in the ground state flux sector, subject to a perturbationV a = −2iJ aĉiĉj , using the expression [12] 
The HamiltoniansĤ a =Ĥ 0 +V a andĤ 0 differ only in the sign of the Majorana hopping on the a-bond, representing insertion of the flux pair. The Lehmann representation of Eq. (3) can be written in the basis of many-body eigenstates of the HamiltonianĤ a , denoted by |λ with the corresponding energies E λ , taking E 0 as the ground state energy ofĤ 0 . We choose to work in the fixed gauge in which the eigenvalues of u kl are +1 for all bonds except the one linking the pair of sites i and j that appear in the correlator S ab ij (t). Then
Results. We start our discussion of the results displayed in Figs. 2 and 3 by explaining the salient qualitative features in terms of the selection rules imposed by the fractionalisation of the electrons into fluxes and Majoranas. It is instructive to do so using Eq. (4), from which the central aspects of the response can be read off, and we relegate an explanation of the numerically exact solution of Eq. (3) to the supplementary material.
First, in both gapped and gapless phases, response vanishes below the two-flux gap ∆ = E λ0 − E 0 , the difference between the ground state energies in a system with and without the flux pair. (At the isotropic point ∆ ≃ 0.26J [1] .) It is remarkable that in an INS experiment the response of a gapless QSL will show an excitation gap which is directly related to the emergent gauge field.
Above the gap ∆, the response thus reflects the physics of the matter sector, and our analysis uncovers an entirely new structure in the phase diagram of the Kitaev model, Fig. 1b . An important consequence of the fact thatĤ in Eq. (2) conserves matter fermion parity is that the non-zero contributions to Eq. (4) come only from excited states |λ with parity opposite to the ground state |M 0 . As a result, two distinctively different alternatives arise: either (I) the ground states ofĤ 0 andĤ a have the same parity, in which case the states |λ must contain an odd number of excitations, or (II) the ground states have opposite parity and |λ contains an even number of excitations, a condition that is also fulfilled by the ground state of H a .
For (I) [ Fig. 2 a-d], single particle excitations dominate the response, which is broad in energy, so that its amplitude is appreciable only within the matter fermion bandwidth. Indeed, only about 2.5% of the signal at the symmetric point arises from multi-particle contributions (see supplementary material) in stark contrast to the case of the Heisenberg chain [20] , where the corresponding number is almost 30%.
For (II) [Figs. 2 e and f]
, in striking opposition, the response includes a finite-weight δ-function component in ω at the difference ∆ in ground state energies, since the corresponding matrix element is finite. It is a remarkable and unexpected finding that -despite fractionalisation -the INS response has a component sharp in energy (displayed in Fig. 3 b) . Note that the location in the phase diagram of the dynamical transition at which this sharp response appears is distinct from the ground state phase boundary: it lies entirely within the gapless phase (Fig. 1 b) .
Discussion. Formally, Eq. (3) represents an example of a quantum quench: it involves the overlap between a state M 0 |ĉ i that is simple in terms ofĤ 0 (a superposition of single-particle excitations) and a similar stateĉ j |M 0 after the latter has evolved for time t under a different HamiltonianĤ a . The broad features of the resulting response of the Majorana fermions above ∆ are a result of this quench. Quite surprisingly, this can be well approximated by replacing the instantaneous flip of the bond by an adiabatic, rather than sudden, switching-on of the potentialV a . This amounts to replacing |M 0 in Eq. (4) by the Majorana ground state in the presence of the fluxes. One can show that in the limit of low energies, the matter fermion eigenstates are, in fact, insensitive to the flux addition, so that the resulting approximation (dashed line, Fig. 2 b) becomes exact as ω approaches ∆.
It is interesting to compare the energy dependence of the structure factor with the density of states for matter fermions (Fig. 2 b and d) . Response is substantial over the entire singleparticle band width (shifted in energy by ∆), with linear onset above the gap. However, as a qualitative signature of the effect of gauge fluxes on matter fermion dynamics, the response is far from being simply proportional to the density of states. Instead, the peak in the latter at 2J z due to the van Hove singularity [see inset to Fig. 2 b] yields a dip in the response. Away from the symmetric point there are two van Hove singularities in the density of states, and in addition there is a distinct response for differently orientated spin pairs, showing one or two minima in the corresponding dynamical susceptibility (Fig. 2 d) .
Despite the formal similarities between the time-dependent correlator Eq. (3) and the X-ray edge problem, the physics arising from it is quite different. First, depending on the exchange J a one can study a local quantum quench in either gapless or gapped phases, the latter not presenting the possibility of low-energy fermionic excitations. Second, for inequivalent values of J a the correlators for different spin components are different. Third, the Majorana fermions in our calculation arise due to fractionalisation of spin degrees of freedom as emergent particles. Fourth, they have not number, but only parity conservation, and their dispersion exhibits Dirac cones. Finally, the δ-function response (Fig. 3 inset) is diametrically opposed to Anderson's orthogonality catastrophe, which would correspond to a vanishing signal at ∆.
The Kitaev model is a representative of a class of Z 2 spin liquids coupled to (gapped or gapless) Majorana fermions. The qualitative features described above should therefore be characteristic of this broad class of topological states. While a potential cold atom realisation will likely harbour few perturbations to the Kitaev Hamiltonian (1), magnetic materials usually include other terms, as extensively discussed for KitaevHeisenberg models following Ref. 10 . Both the flux gap and the fermion parity underpinning our results are robust to such perturbations. Just as in the analogous case of the Heisenberg chain [20] , where integrability is imperfect in reality but all qualitative features are well-observed experimentally, so we similarly expect quantitative changes such as a small degree of smearing out of the δ-function response or a more gradual onset of the signal around ∆. Crucially, the central features we have discovered will be visible as fingerprints betraying the presence of fractionalised Majorana fermions and emergent gauge fluxes in INS and ESR experiments.
Supplementary material
In this supplementary material we present an outline of our numerically exact evaluation of the spin-correlators in Eq. (3), and of the calculation of the few-particle response from the Lehmann representation given in Eq. (4). Definitions. The foundation for Kitaev's solution of the model [1] is the representation of spins using Majorana fermions in an enlarged Hilbert space. Calculation of observables requires projection onto the physical subspace. Since this step is standard [12] , we do not discuss it here. As described in the main text, we proceed by combining the Majorana operators into two independent complex fermion specieŝ
termed bond and matter fermions, respectively. The bond operatorsû ij a = ib 
where s q = J z +J x e iqn1 +J y e iqn2 . The lattice vectors n 1 , n 2 are defined in Fig. 1 a, and tan 2θ 
The ground state of the matter sector |M 0 is defined by the condition thatâ q |M 0 = 0 for all q in the Brillouin zone, which gives the ground state energy E 0 = − q |s q | [1] .
In the following we need a number of different Green functions (GF), which we list here for convenience. We denote the time-ordered GF [22] forĤ 0 by g 0 (t), its Fourier transform (FT) by g 0 (ω), and the corresponding advanced GF by g a 0 (ω). For the quantum quench problem the time-ordered GF g(t, 0) and the transient GF g(τ 1 , τ 2 ; t) appear, as well as the connected part g c (τ 1 , τ 2 ; t) and the FT g c (ω; t) of this. Finally, we use the adiabatic approximationg a 0 (ω) to the latter. Exact approach. Our main task is to evaluate Eq. (3). For this we use a mapping onto the X-ray edge problem [12, 14, 15] , which gives a connection to a very well-studied area in many-body physics and allows one to obtain an expression for the correlators that is suitable for high-precision numerical evaluation.
Consider for definiteness the correlator on the z-bond S zz A0B0 (t) = −i M 0 |ĉ A0 e −i(Ĥ0+Vz )tĉ B0 |M 0 , where the explicit form of the potential isV z = −2iJ zĉA0ĉB0 . We express the correlators entirely in terms off -fermions and it is convenient to work in the interaction representation, where the time dependence of the operators is given by the HamiltonianĤ 0 so thatf r (t) = e iĤ0tf r e −iĤ0t . ThenV z assumes the local formV
with v = −4J z . The potential in Eq. (7) is similar to the one that appears in the context of the X-ray edge problem (see e.g. [13] ). Its essentially point-like form makes an exact solution possible. Now we can use the fermion representation to express spin correlators in terms of time-ordered GFs,
with the scattering matrixŜ(t) defined aŝ
The GF g 0 (t) is also given by Eq. 
Becausef -fermions are given as a linear superposition ofâ,â † , one would in general expect to have contributions from anomalous correlators M 0 |f † 0 (t 1 )f † 0 (t 2 )|M 0 . What makes thef -representation useful is the simplifying feature that these anomalous averages vanish for any t 1 , t 2 , as a consequence of inversion symmetry and gauge invariance.
The task of calculating the GFs in Eq. (8) is thus equivalent to the X-ray edge problem in which a local potential is switched on and off at times 0 and t. The problem can therefore be formulated in terms of an integral equation as is done in the X-ray edge case [13] . The bare GF g 0 (t) in the Kitaev model is, however, non-standard, reflecting the presence of Dirac points or a gap, rather than a Fermi surface [14, 15] .
Consider, for example, g(t, 0). Using Wick's theorem we can write this as a product g(t, 0) = g c (t, 0)L(t) of the connected GF g c (t, 0) and the loop contribution L(t) = M 0 |Ŝ(t)|M 0 . The latter is equal to the overlap between the state without fluxes M 0 | and a stateŜ(t)|M 0 after evolution to time t with fluxes (potentialV z ) introduced at time 0. The loop contribution can be expressed purely in terms of connected GFs [13] and we concentrate on finding the latter
